Introduction
Laser cleaning [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] appears as one of the most promising techniques for the removal of sub-micron-sized particles from surfaces. The strong adhesion of these contaminants to the surface makes conventional processes inefficient, this problem being of major importance, among others, in the field of microelectronics. Two different procedures for laser cleaning have been described in the literature: dry laser cleaning (DLC) [1] [2] [3] [4] [5] and steam laser cleaning (SLC) [1, [6] [7] [8] [9] [10] . DLC is based on the interaction between the incident laser light and the substrate to be cleaned. So far, it has been assumed that the thermal expansion, as a consequence of light absorption, was the unique mechanism responsible for particle removal [1] . However, it has very recently been shown that local field enhancement effects [11] [12] [13] underneath the particles can lead to local ablation of the substrate. This effect is undesirable for the particle-removal process. SLC differs from DLC in the fact that a thin liquid film (water/alcohol mixture) is deposited on the sample by steam condensation, prior to irradiation. The mechanism responsible for particle ejection in SLC is believed to be the explosive evaporation The cleaning efficiency is normally defined as (1 − n/n 0 ), where n 0 and n are respectively the density of particles on the surface before and after laser exposure. This parameter is usually determined by time-consuming post-treatment examination of the samples by means of microscopy techniques. The need for making the use of laser cleaning compatible with online monitoring tools for industrial applications has led to the development of in situ diagnostic methods for laser cleaning, often based on optical measurements. For instance, scattered light reflection measurements have successfully been applied to quantitatively monitor the removal of sub-micron particles from silicon wafers upon both SLC and DLC [8, 9] . The linear dependence observed between the intensity of scattered light at the surface and the areal density of scattering particles [2] allows us to perform a direct correlation between the changes in the amount of the scattered light and the efficiency of the particle-removal process. The use of optical techniques for such a purpose is not new, as commercial systems for unpatterned surface inspection also often use optical techniques based on bright-and dark-field illumination as well as scattered light detection in order to monitor surface defects and contaminants. These techniques are normally combined with the use of electron beams for both imaging and the assessment of electrical defects.
Nevertheless, optical methods for surface inspection based on scattered light measurements require a smooth and homogeneous surface and a relatively large reflectivity at the monitoring wavelength in order to obtain a significant optical contrast between contaminated and cleaned (or defectfree) regions. The increasing importance of the use of some "transparent materials" like some spin-on-glasses or polymers [14] in the field of microelectronics makes it necessary to develop and to optimize surface-cleaning techniques for removing sub-micrometer contaminants from their surfaces. However these materials, unlike silicon, are normally nearly transparent to visible radiation, which makes the use of conventional scattered reflectivity measurements for monitoring surface particle densities to become of little use or at least complicated. In addition, in some other cases, like conventional industrial polymers, the material surface is rough. There is therefore a need for techniques that can provide a reliable in situ monitoring of the laser cleaning process, despite the 768 Applied Physics A -Materials Science & Processing surface roughness and/or the weak specular reflectivity of the substrate.
In this report, we describe an in situ and non-invasive diagnostic technique that allows measuring the very small transmission changes induced over the size of the probe beam by the removal of a few sub-micrometer-sized particles from a substrate transparent at the monitoring wavelength. As a case study, we present results obtained in laser cleaning experiments using UV picosecond (ps) pulses to remove polystyrene spheres dispersed on the surface of polyimide substrates.
Experimental details 2.1 Sample preparation
Mono-disperse polystyrene (PS) spheres deposited on the surface of polyimide (PI) substrates were used as model contaminants. The particle diameters used in these experiments were 320 and 800 nm. Details of the procedure for sample preparation can be found elsewhere [2] . Briefly, the particles, available in an isopropyl alcohol colloidal suspension, were deposited onto 250 µm thick PI foils (Goodfellow) by means of spin coating. Figure 1 shows a representative scanning electron microscopy (SEM) image of a PI foil covered with 800 nm sized PS spheres. After evaporation of the solvent, even when some aggregates can be observed, the particles are mostly isolated and statistically well distributed over the surface. The surface density of particles before laser treatment (n 0 ) is about 1.5 × 10 4 mm −2 . This initial areal density of particles, well above the contamination which would be considered a routine level in the semiconductor industry, was chosen in order to make a clear determination of the sensitivity of the differential transmission technique for measuring "in situ" the efficiency of the laser cleaning process.
2.2
Cleaning and diagnostic set-up
The experimental set-up used to remove the particles and to monitor the process is shown in Fig. 2 . It es- sentially consists of a pump beam that irradiates the sample surface in a single shot and a cw probe laser used to monitor the transmission change (∆T ) upon laser exposure. The sample is located in a translation stage in order to expose a fresh region of the surface to the pump pulse in each single-pulse irradiation. Since the aim of the study was to determine the sensitivity of the "in situ" transmission measurements to the changes of the areal density of particles after laser exposure, the possible re-deposition of particles was not impeded by any means like the use of an inert-gas flow. The irradiation laser system is based on a synchronously pumped tunable dye laser that provides pulses with a duration of 10 ps (FWHM). The output of this laser (tuned at λ = 584 nm) is amplified by a dye amplifier pumped by a frequency-doubled Q-switched Nd:YAG laser. The amplified beam (30 ps FWHM) is then frequency-doubled (λ = 292 nm) by means of a beta barium borate (BBO) crystal and focused at normal incidence onto the sample surface. The spatial intensity distribution of the laser spot at the sample site is Gaussian elliptical with 1/e dimensions of ∼ 180 µm (long axis) and ∼ 90 µm (short axis).
The probe beam is delivered by a He-Ne laser (633 nm). Its amplitude is modulated by means of an acousto-optic modulator (AOM) with a square-wave signal at a repetition rate of 1071 Hz. The He-Ne laser beam passes through a polarizer and a beam splitter (10% reflectivity). The reflected part of the beam is then sent to a reference photodiode detector after passing through an analyzer, while the transmitted part is focused with a lens to a spot size of ∼ 30 µm (1/e radius) at the center of the irradiated region at an angle of incidence of 15
• . The intensity of the beam transmitted through the sample is measured by means of another photodiode. Both reference and transmission detectors are similar and are connected to a lock-in amplifier in differential mode.
The use of an analyzer in front of the reference diode allows us to cancel the difference between the voltage readings of the reference (V REF ) and transmission (V T ) detectors, before exposing the fresh surface to the irradiation pulse. After exposure, the differential signal V T − V REF is obviously related to the transmission changes caused by the removal of the particles and/or the possible modification of the substrate
